Covalent attachment of photoacid dye molecules to perfluorinated sulfonic acid membranes is a promising route to enable active light-driven ion pumps, but the complex relationship between chemical modification and morphology is not well understood in this class of functional materials. In this study, we demonstrate the effect of bound photoacid dyes on phase-segregated membrane morphology. Resonant X-ray scattering near the sulfur K-edge reveals that the introduction of photoacid dyes at the end of ionomer side-chains enhances phase segregation among ionomer domains, 1 and the ionomer domain spacing increases with increasing amount of bound dye. Furthermore, relative crystallinity is marginally enhanced within semicrystalline domains composed of the perfluorinated backbone. X-ray absorption spectroscopy coupled with first-principles density functional theory calculations suggest that above a critical concentration, the multiple hydrophilic groups of the attached photoacid dye may help increase residual water content and promote hydration of adjacent sulfonic acid sidechains under dry, or ambient, conditions. Synthetic ion-conducting membranes are essential to electochemical applications including fuel cells, electrodialysis technologies, electrolyzers, and redox flow batteries. 1-8 In addition, the transport of ions across membranes is critical to many life processes. In some cells, light-driven ion pumps actively transport protons against a concentration gradient to drive synthesis of adenosine triphosphate (ATP). 9,10 Designing nature-inspired artificial light-harvesting systems could enable advances in energy conversion devices and reduce power consumption in electrolytic acid and base generation and electrodialysis. There has been significant work to develop artificial light-driven ion pumps. 9,11-17 Polymer-based membranes offer unique advantages because ion-conducting polymers exhibit excellent chemical stability, good mechanical properties, near single-charge-type conductivity, and can be transparent to visible light. We recently demonstrated photovoltaic action from perfluorosulfonic acid (PFSA) ionomer (Nafion) membranes with photoacid dye molecules covalently bound to the side-chain, 15 and lamination to an anion-exchange membrane produced bipolar membranes that convert sunlight to ionic power, showing promise for solar-driven desalination. 16
characteristic length scales on the order of nanometers associated with the distances between hydrophilic ionomer or perfluorinated semicrystalline domains. However, PFSA membranes are quite disordered and have limited elemental contrast resulting in broad scattering peaks.
Complementary to SAXS, wide angle X-ray scattering (WAXS) probes Angstrom-scale periodicities relevant to the interchain packing distance in polymer crystallites. 1, 19, 20 Photoacidmodified PFSAs have additional chemical moieties making these materials more complex than the parent PFSA and more challenging to understand internal morphology.
X-rays at energies near the absorption edge of a relevant element in a polymer, e.g. carbon, can achieve elemental sensitivity and greater scattering contrast compared to higher energy hard X-rays and help elucidate morphological details in disordered membranes with multiple chemical motifs. Energy-tunable resonant X-ray scattering (RXS) has become indispensable to understanding polymer morphology, [21] [22] [23] but the vast majority of these studies have focused on polymer thin films using resonant soft X-ray scattering at energies near the carbon K-edge. [24] [25] [26] [27] [28] The limited penetration of soft X-rays restricts transmission-based experiments to thin films, for example, around 500 nm or less near the carbon K-edge (∼285 eV). These low energy X-rays, which have a wavelength around 4 nm at 300 eV, cannot easily probe length-scale periodicities smaller than this size. Furthermore, the prevalence of carbon in polymers can make it difficult to delineate information specific to certain functional groups when working near the carbon K-edge, requiring tuning to other elemental edges, especially when combining RXS with near edge X-ray absorption fine structure (NEXAFS) spectroscopy to gain chemical and local bonding information. 21, [29] [30] [31] [32] For PFSA-based polymers, sulfur is important because it is only present in the ionic groups that contain dissociable protons. However, very limited studies have implemented RXS at energies near the sulfur K-edge to investigate polymeric materials in general. [33] [34] [35] In this study, we show that attachment of photoacid dyes to Nafion alters ionomer domain spacing and short-range order. RXS in the tender X-ray regime, which includes the sulfur K-edge (around 2.5 keV or 0.5 nm), has enhanced contrast due to the presence of 3 sulfur-containing functional groups on both the Nafion side-chain (sulfonate) and the attached photoacid dye (sulfonamide), and this enables probing of internal morphology. This energy, or wavelength, range permits transmission RXS experiments on membranes that are 10's of micrometers thick and can probe domain spacings with nanometer resolution, relevant to ionomer phase-segregated morphologies. In addition, hard X-ray WAXS reveals that attachment of photoacid dyes moderately increases the relative crystallinity within semicrystalline polytetrafluoroethylene (PTFE) domains. Furthermore, sulfur K-edge NEXAFS spectroscopy and complementary ab initio calculations support the presence of covalently bound dyes and suggest that the membrane with the highest amount of attached dye may have increased residual water in the dry state that also facilitates hydration of nearby sulfonic acid side-chains. Resonant scattering and spectroscopy have the potential to provide insights on the spatial distribution of distinct chemical moieties not only for the dye-modified membranes studied here, but also other photoacid/photobase-doped materials, 36 soft materials, inorganic materials, and other chemically-heterogeneous systems.
The covalently modified PFSA (cPFSA) membranes studied herein were synthesized similarly to a previous report, 15 but vary in the type or equivalents of compounds used ( Figure   1 ): equivalents of photoacid dye (D) molecule (0.1 or 2.0 equivalents), type of Lewis base (B) used to scavenge formed acid (100 equivalents of triethylamine (TEA) or diisopropylethylamine (DIPEA)), and equivalents of Brønsted-Lowry base (OH) (0 or 5 equivalents of NaOH). Equivalents represent the molar ratio of added material to the number of sulfonyl fluoride groups in the Nafion sulfonyl fluoride (-SO 2 F) precursor membrane. Table 1 lists cPFSA membrane short and long names, and formulation details. The cPFSA membranes will be referred to by their short names. The overall trend in the amount of bound dye (DhBnb > DlBnbOH > DlBbOH) is evident by the color of the membranes, which are red, orange, and yellow for DhBnb, DlBnbOH, and DlBbOH, respectively (see Figure S1 ).
Further synthetic details are provided in the Supporting Information.
Covalent attachment of photoacid dyes promotes a phase-segregated morphology with a Figure 1 : Chemical structures of the perfluorinated ionomers in this work. Nafion is shown in (a). The proposed structure of the cPFSA ionomers is shown in (b). DhBnb contains the most bound dyes, suggesting its value of x is largest. DhBnb and DlBnbOH were synthesized with the Lewis base triethylamine as an acid scavenger, forming R 1 groups. DlBbOH was synthesized using the bulkier diisopropylethylamine as an acid scavenger, forming R 2 groups.
domain spacing that increases with increasing amount of bound dye. PFSAs can be difficult to study with hard X-ray SAXS due to low material contrast relative to the topological scattering background ( Figure S2 ). Furthermore, scattering intensity is weak because of the disordered nature of these materials and the membrane thickness (50 µm), which is thin for hard X-ray transmission experiments. On the other hand, a 50 µm membrane is too thick for transmission-based resonant scattering with lower energy soft X-rays, which have limited penetration. RXS at the sulfur K-edge addresses these issues. cPFSA membranes is shown in Figure 2c at 2475 eV, an energy where contrast is enhanced, but below the main absorption peak to avoid excessive damage. The scattering profiles exhibit two distinct features typically seen for PFSAs: a peak at around q = 0.06Å −1 representative of the average distance among semicrystalline domains, with a correlation length, or d-spacing (2π/q), of around 100Å, and another peak at higher q near 0.2Å −1 corresponding to approximately 30Å, indicative of the spacing among hydrophlic ionomer domains, often referred to as the ionomer peak. A, which is in the middle of this range. However, the ionomer scattering peak of Nafion is much less pronounced, making a d-spacing value more difficult to quantify. This trend in domain spacings of cPFSAs compared to Nafion underscores the complex interplay between changes in molecular structure and resulting phase-segregated morphology, illustrating the need for further detailed characterization going forward. The presence of dye also affects the short-range order among separate hydrophilic ionomer domains. DhBnb exhibits an Intensity (a.u.) Angstrom-scale molecular packing information, relevant to the distance between polymer chains within PTFE crystallites. 1, 19, 37 This compliments RXS experiments, which cannot easily probe these small length-scales. WAXS profiles for Nafion and the cPFSA membranes are shown in Figure 3 , and two main features are observed, one around 1.0-1.3Å −1 and another near 2.4-3.0Å −1 , similar to previous reports on Nafion. 38 The feature centered near 1.2Å −1 is typically seen for semicrystalline PTFE and consists of two peaks close together.
The broader amorphous peak at 1.15Å −1 arises due to short-range correlations among disordered polymer chains, and this is superimposed with a crystalline peak at 1.25Å −1 8 corresponding to the intermolecular chain spacing within crystallites that is typically strong for pristine PTFE, 37 and weaker but still noticeable in PFSAs. 19, 38, 39 cPFSA membranes have enhanced crystallinity within semicrystalline PTFE-based backbone-rich domains compared to the Nafion used in this work. This is evident by the greater relative intensity of the crystalline peak compared to the amorphous peak in the cPFSA membranes. By fitting the semicrystalline feature to two peaks, an amorphous peak centered near 1.15Å −1 and a crystalline peak at 1.25Å −1 , the relative crystallinity, χ c , was estimated by the ratio of the area of crystalline peak, A c , to the total area of the amorphous peak, A a , and the crystalline peak:
. This is shown in Figure S8 . No significant change in this feature is evident among Nafion and the cPFSA membranes.
NEXAFS spectroscopy can probe differences in molecular structure among different perfluorinated ionomers, 35, [40] [41] [42] and NEXAFS at the sulfur K-edge, which is sensitive to the local environment around the sulfonate and sulfonamide functional groups, supports that DhBnb has the greatest amount of bound dye and may have greater residual water. Experimental NEXAFS spectra for Nafion and the cPFSA membranes are shown in Figure 4a . The main absorption features are similar to previous reports of PFSA polymers. 41, 42 For PFSAs, the main peak near 2480 eV has been assigned to a σ * S−C transition, 41, 43 however, multiple electronic transitions may be superimposed within this broad peak that are difficult to discern experimentally. Figure 4a reveals that the NEXAFS spectrum of the dye precursor does Figure 4 : Sulfur K-edge NEXAFS spectra collected in fluorescence detection mode for Nafion, cPFSA membranes, and the dye precursor are shown in (a). Simulated NEXAFS spectra for dry (no added water) and minimally hydrated side-chains are shown in (b). Separate spectra are shown for PFSA (SO 3 H-terminated) and photoacid-modified side-chains. Solid lines (combined) show the equally weighted sum of spectra of both side-chain types. Dry and hydrated combined spectra are replotted in opposing panels as dotted lines for comparison. Optimized minimum energy structures of the hydrated Nafion side-chain (group m in Figure  1 ) and photoacid-modified side-chain (group x in Figure 1 ) are shown in (c). not exhibit a shoulder-like feature near 2482 eV. DhBnb exhibits a less pronounced shoulder feature near 2482 eV compared to DlBnbOH and DlBbOH, supporting that DhBnb contains the highest concentration of photoacid dyes. Furthermore, this distinction in the NEXAFS profile of DhBnb may also be related to a different degree of hydration, or residual water content. Although these membranes were annealed at 90 • C before being measured under ambient conditions, some water molecules remain strongly bound to the sulfonic acid and sulfonamide groups, and residual water is typically observed for PFSAs like Nafion. 1 Earlier studies show that when Nafion is hydrated, the energy separation between the shoulder feature and main absorption peak decreases, making the higher energy shoulder less pronounced. 41 The greater amount of attached dye in DhBnb may allow it to retain more water compared to Nafion and the other cPFSA membranes, even in dry, or ambient conditions. Future studies should correlate spectroscopy and scattering results to measurements of water uptake and molecular modeling to better understand the details of how bound photoacid dyes influence water sorption.
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First-principles predictions of NEXAFS spectra help reveal how hydration leads to spectral changes. NEXAFS spectra were calculated using the eXcited electron and Core Hole (XCH) approach 44 based on density functional theory (DFT). 45, 46 The XCH method has been shown to reproduce K-edge NEXAFS spectra of polymers, 29, 30 and XCH-computed sulfur K-edge spectra of a perfluorinated fragment containing either a Nafion side-chain (-SO 3 H terminated) or a photoacid-bound PFSA side-chain are shown in Figure 4b 
Supporting Information Available
Materials, membrane formulation, experimental, and computational details, color change of cPFSA with dye loading, hard X-ray SAXS vs. RXS, low-q RXS data, energy-minimized geometries of dehydrated side-chains, representative data for RXS at different energies and
